Introduction: Gas Sensors for Monitoring Ambient Air Quality
Gas sensors to monitor ambient air quality (outdoor and indoor) are essential devices, as the requirements for higher safety, comfort, and quality of life are continually increasing globally, and health consciousness has become dominant in every aspect of human activity. There is an underlying risk that the concentration of hazardous (toxic, malodorous, flammable, explosive, corrosive, etc.) gases that cause toxicity to the human body, or dangerous ignition/explosion/corrosion, is growing and potentially exceeding critical concentrations. The potential risk of this kind has been increasing as modern buildings and vehicles are designed to be draft-free or air-tight for energy saving and sound insulation. There are more underlying risks in underground cities, as natural ventilation is difficult there. Gas sensors for use in ambient air are classified into several categories. [1] [2] [3] The most widely used gas sensors that are commercially available (with the exception of bulky analytical equipment, such as gas chromatography) are semiconductor gas sensors and catalytic combustion-type gas sensors. In addition to these two types, electrochemical and optical gas sensors are quite popular because of their advantages, such as low electric power consumption for electrochemical gas sensors and no electric spark, non-contact/remote readout of signal, and high resistivity to noise for optical gas sensors.
Semiconductor gas sensors utilize the phenomenon that the electron density in metal oxide semiconductors, if they are kept heated at ca. 100 -400 C, changes by exposure to specific gases, resulting in a change in the electrical conductivity of the metal oxide semiconductor. In the case of catalytic combustiontype gas sensors, coiled platinum (Pt) wire is embedded in a solid catalyst. When the catalyst is exposed to a specific gas, the temperature of the Pt wire changes by catalytic combustion of the gas, leading to a change in the electrical conductivity of the Pt wire. The electrochemical gas sensors utilize the redox reaction among the gas, the working electrodes, and the electrolytic solution. The reaction in the electrochemical cell generates an electric current whose magnitude is proportional to the gas concentration. Gas detection techniques in the optical gas sensors are classified into several types. The simplest method for gas detection is to measure the optical absorption or the refractive index of the gas. Normally, absorption is measured at a specific wavelength in the ultraviolet (UV), visible (VIS), near infrared (IR), or IR region. Another method utilizes the gas-induced changes in luminescence (fluorescence, photoluminescence, phosphorescence, chemiluminescence, etc.) and/or absorption of the sensor materials. The gas detection tube method utilizes the irreversible color change of gas-sensitive dye deposited on a substrate, such as silica gel particles. The silica-gel particles containing gas-sensitive dye are packed in a glass tube, and the gas is introduced into the glass tube. The gas concentration is determined from the length of the material with a color change. As a gas detection tube is for single use and cannot be used repeatedly, the gas-detection tube method is sometimes not classified with other gas sensors. Various gasdetection tubes exhibiting color changes on exposure to specific gases are commercially available.
Optical gas-sensors have several advantages over electricitybased gas sensors. They are resistant to electromagnetic noise, they provide a non-contact/remote readout of output signal from the sensor elements, and there is no danger of an electric spark that could produce the risk of explosion. Therefore, there is a great deal of interest in optical gas sensors as the next-generation gas sensors.
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Properties and Utilization of Ozone
Recently, several technologies to sense ozone (O3) gas, one of the hazardous and toxic gases in ambient air, have been developed. Ozone has a pale-blue color and a specific odor, and is very toxic to humans when the concentration in ambient air exceeds about 1 ppm. 12, 13 However, the utilization of ozone has been expanding in various areas 14, 15 due to its strong oxidizing power and ease of post-use treatment, owing to the spontaneous decomposition of ozone into oxygen. As a strong oxidizing agent, a high concentration (5 -8 vol%) of ozone gas is used in the semiconductor manufacturing for cleaning silicon wafers and for the removal of the photoresist layer by decomposition of organic contaminants. In the concentration range of around 200 ppm, ozone is used for disinfection and deodorization in the hospital and pharmaceutical industries. In a low concentration range (0.01-several ppm), ozone is used for disinfecting and deodorizing air and water in clean rooms, buildings, vehicles, and in the food and livestock industries. On the other hand, the stratospheric ozone layer (10 -20 ppm) absorbs UV light in the sunlight and helps to protect living organisms from damage. Atmospheric air near the ground level normally contains very low concentrations of ozone (about 0.005 ppm).
As described above, ozone gas is very useful for human activity and plays an important role in the natural environment. However, ozone is also highly toxic to the human body, and can seriously damage the eyes, and respiratory and nervous systems when the concentration in air exceeds about 1 ppm. Ozone at concentrations higher than 50 ppm presents risks to life, and an ozone concentration of 1000 ppm or more causes death in a short time. Also, ozone is a main component of photochemical oxidants that cause health problems. Recently, small ozone generators have become commercially available and are widely used for air deodorization and purification, not only in public buildings and offices, but also in private homes. However, when such small ozone generators are operated in a small room, there is a risk that the ozone concentration will exceed the allowable concentration (0.1 ppm in Japan, 0.05 or 0.1 ppm in Europe and North America). In addition, careful attention should be paid to the possibility of ozone generation from static electricity eliminators, welding machines, electric motors, photocopiers, printers, etc., as ozone is easily generated by electrical discharge in the air or UV light irradiation to air. [16] [17] [18] [19] [20] [21] [22] and electrochemical ozone sensors [23] [24] [25] [26] are widely used, since they can be operated repeatedly or continuously. However, semiconductor gas sensors consume a lot of electric power, and careful attention should be paid to the safety of the electrically heated sensor elements (at ca. 100 -400 C). In the case of electrochemical gas sensors, the device is not fully solid-state, but incorporates electrolytic solutions and electrodes. Therefore, maintenance of the electrochemical cell and the solid/liquid interface is more complicated than that of semiconductor ozone gas sensors. UV light absorption-type ozone densitometers are excellent regarding accuracy and reliability. [27] [28] [29] [30] [31] [32] However, the machine is bulky, heavy, and expensive, since it incorporates a gas cell with a long optical path length and a high-precision optical measurement system for detecting very small absorption of ozone gas at wavelengths centered at 253.7 nm. Ozone gasdetection tubes [33] [34] [35] [36] [37] [38] are compact, lightweight, and relatively inexpensive, but the gas-detection tube is a disposable product for single use only, and cannot be used repeatedly or continuously, and is sometimes not classified into the category of gas sensors. The iodometric method is the standard chemical analysis method to determine the amount of ozone accurately. [39] [40] [41] [42] [43] However, manual operation is required for the chemical analysis, and, therefore, it is not suitable for the repeated or continuous detection of ozone. The chemiluminescence (CL) method is used to detect ozone when a fast response time is needed. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] A large amount of effort has been devoted to investigating materials showing ozone-induced CL effectively, and to fabricate sensor devices that dispense with manual operation.
Practical Techniques Currently Used for the Detection of Ozone in Ambient Air
Investigation of Functional Materials for
Optical Sensing of Ozone Gas
As described above, each of the previously developed techniques for the detection and measurement of ozone concentration in ambient air has advantages and disadvantages. We expect that the development of functional materials that provide reversible changes in PL (photoluminescence) or optical absorption by ozone at room temperature will lead to compact and highlysensitive optical gas sensors with advantages, such as a noncontact/remote readout of output signals, high resistivity to electromagnetic noise, and no danger of an electric spark. We previously found that polyaniline films showed changes in the optical absorption when exposed to ozone at some ppm levels in air at room temperature. 55, 56 When compared with such absorption-based sensors, luminescence-based sensors are more advantageous for expanding the dynamic range of output signals. A wider dynamic range of output signals was expected to lead to higher gas sensitivity and better resolution in the concentration measurement. Therefore, we started to investigate specific functional materials that show a change in the intensity or wavelength of their PL. Up to the present, we have found that photoluminescent nanoparticles of II-VI semiconductors, such as CdSe-based core-shell type quantum dots (QDs), are promising materials for use as ozone gas sensors. As described in the following section, it has been experimentally demonstrated that solid films of core-shell type QDs consisting of a CdSebased core and a ZnS-based shell show reversible changes in PL intensity by exposure to ozone at concentrations of 0.1 -500 ppm in air at room temperature under atmospheric pressure. 57 These results strongly suggest that QDs have considerable potential for PL-based gas sensors.
Photoluminescent QDs with Potential for Various Applications
The electronic state of II -VI semiconductors (CdSe, CdTe, ZnSe, etc.) and II -V semiconductors (InP, GaAs, etc.) changes significantly when the crystal size of the semiconductor particles is reduced to nanometer levels (normally less than ca. 20 nm). This phenomenon originates from the fact that in the nanometersized particles (nanoparticles), the degree of freedom for the movement of electrons is restricted, the energy level distribution of electrons becomes discrete, and the energy gap (Eg) of the semiconductor increases (quantum confinement effect). When the Eg increases, the wavelength of the absorption and PL emission shifts to the shorter wavelengths. Therefore, the PL of the semiconductor nanoparticles appears in the UV-VIS-near IR wavelength region, in contrast to the PL of bulk semiconductor with the same composition appearing in the IR wavelength region.
In particular, semiconductor nanoparticles with diameters of around 2 -10 nm are called QDs; as the quantum [58] [59] [60] [61] [62] Historically, the synthesis and basic study of QDs started in the early 1980s. [63] [64] [65] [66] In the initial stage of investigation, the quality of QDs was low and the PL of QDs was very weak due to the surface defects on QDs. In 1980s -1990s, techniques to synthesize high-quality QDs with uniform particle size and smooth surface were developed. During the same period, two related, important techniques were developed in parallel. One was the technique to deactivate the surface defects by capping QDs with appropriate surfactant molecules. By this technique, the PL efficiency and brightness increased, and the agglomeration of QDs was suppressed. The other was technique to cover the inorganic semiconductor core with another inorganic semiconductor shell whose EG is larger than that of the core. The shell effectively suppresses the leakage of electrons from the core, and this core-shell structure results in an enhanced PL efficiency/brightness and chemical/ photochemical stability of QDs. The development of these techniques provided QDs with high PL efficiency/brightness and long-term stability, which opened the possibility of various applications.
As the electron transitions in the II -VI semiconductors and III -V semiconductors are typically direct transitions, the PL lifetime in the decay of PL after excitation is normally around several tens of ns. This PL lifetime of QDs is shorter than that of rare-earth ions, which typically have indirect electron transitions of 4 -5 orders of magnitude longer. Such a short PL lifetime of QDs allows fast repetition of excitation light absorption and PL emission. The fast repetition of absorption and emission suppresses the saturation of PL intensity when the excitation light intensity increases, resulting in the bright PL of QDs. When compared with organic dyes, normally QDs have much better photostability, namely, less degree of degradation under continuous irradiation of UV light for excitation. Another advantage of QDs is that the degree of freedom for excitation light wavelength is much higher than that of organic dyes and rare-earth ions. This property allows various QDs with different PL colors to emit PL while using the same excitation light.
Many of the advantages of QDs listed above have inspired a variety of applications. Previously, the major fields of QD applications were optoelectronics/photonics, including displays, lighting and physical detectors, and fluorescence reagents for biological use, such as staining biological tissues and cells for observing their location or movement. [67] [68] [69] In these applications, bright QDs with long-term PL stability, not influenced by chemical factors in the environment, were required. Therefore, the development of such robust, environment-insensitive QDs was pursued in the last few decades.
Optical Ozone Gas Sensing in Ambient Air by Reversible Ozone-induced Change in Photoluminescence of QDs
In contrast to the general trend in the development of QDs described above, we focused ourselves on the surface statesensitive property of QDs. Since the size of QDs is as small as several nanometers, the ratio of atoms located at the surface of QDs is high. Therefore, the PL intensity and wavelength change sensitively when the surface state of QDs changes, for example, by adsorption/desorption/exchange of surfactant molecules. [70] [71] [72] [73] For this reason, we conceived the idea of using the surface statesensitivity PL of QDs for optical gas sensing. 74, 75, 77, [79] [80] [81] [82] [83] in water by PL quenching of QDs with ion selective overlayers has been explored. The sensing of several organic and biological compounds using photoluminescent QDs has also been reported. 74, 75, 77, 81, [84] [85] [86] In the case of a temperature sensor using photoluminescent QDs, 74 ,75,87 a typical QD-based physical sensor, the sensing principle does not involve the surface sensitivity of QDs, but changes in the Eg of QDs with any temperature variation.
As contrasted with those QD-based sensor studies, only a small number of reports have appeared regarding PL-based gas sensing in the atmosphere by using QDs (oxygen, 74, 77 ozone 57, 88 and gaseous alkylamines 89, 90 ). When specific gas molecules adsorb onto the inorganic surface of QDs through the thin layer of surfactant molecules, the gas molecule will react with the electrons located at the inorganic surface of the QDs, and the number of electrons for radiative recombination to emit PL will change. At the same time, the degree of activation/deactivation of surface defects will be modulated. These surface reactions are expected to bring about a change in the PL intensity and/or wavelength. Since there have been a small number of reports 74, 77, 88, 89 on the gas-sensitive change in PL of QDs before our study, we started our research by designing an experimental setup for measuring the PL-based ozone gas sensing, based on the property of QDs. Figure 1 shows the gas flow system in our experimental setup. Synthetic air containing ozone at a controlled concentration and flow rate is supplied from the ozone generator (EG-OG-L-AIST, Ecodesign, https://www.ecodesign-labo.jp/) to the quartz gas cell (C type, Sawada Quartz, Kyoto), which incorporates a QD film sample. QD films were prepared by casting the deposition of organic or aqueous dispersion of QDs (QDs synthesized at AIST or commercially available QDs) onto glass substrate. 57 The ozone generator uses synthetic air from a gas cylinder as a source gas. Another synthetic air cylinder is connected to the gas line with three-way gas valves in order to switch the atmosphere from ozone-containing air to pure air at a controlled time interval. Ozone is generated photochemically by irradiating UV light (wavelength = 185 nm) to synthetic air in the chamber of the ozone generator. The ozone generator is connected to a UV light absorption type ozone densitometer (UV Ozone Monitor OZM-7000GNW, Okitrotec, Tokyo) for feedback control of ozone concentration. In this system, the ozone concentration could be varied from 0.1 to 500 ppm, and the gasflow rate to the gas cell was typically 100 mL/min. The ozone generator and quartz gas cell were custom-designed and produced for our experimental setup. During ozone generation by UV irradiation to air, there was concern over the byproduction of nitrogen oxides. However, it has been confirmed that the amount of by-produced nitrogen oxides was below the detection limit of the gas-detection tube in our experiment (Kitagawa 117SD, Komyo Rikagaku Kogyo, Kawasaki) and negligible. The QD film emits PL by the continuous irradiation of UV light (wavelength = 365 nm) as an excitation light from the top of the gas cell. The PL from the QD film was collected by a quartz optical fiber and transmitted to the spectrometer for measuring the PL spectra and intensity, as shown in Fig. 2(A) . In order to measure the time-dependent changes in PL spectra quickly at every wavelength in the UV-VIS-near IR wavelength region simultaneously, we installed a multichannel photodetector with a built-in photodiode array (MCPD-7000, MCPD System Ver. 4.0.2.8, Otsuka Electronics, Osaka) in which optical measurement could be carried out without a wavelength scan. 57 Typically, a reversible change in PL intensity was observed with periodically changing the atmosphere between pure air and air containing ozone (Fig. 2(B) ). Taking the practical operating condition of gas sensors into consideration, we measured the PL spectra of the QD films in air at room temperature (25 C) under atmospheric pressure (1 atm). In the recovery process in pure air, after eliminating ozone from the atmosphere, we did not use vacuum pumping or heating for accelerating the desorption of ozone gas from the QD film sample. The response time of QD film to ozone (for a 90% signal change) in air was on the order of 10 -20 min, and it took longer time for recovery of PL intensity after removal of ozone from atmosphere. 57 Photoluminescent QDs are normally stored dispersed in an organic solvent or aqueous solution, or as solid powder. However, for gas sensor application, it is preferable to prepare and use solid films of QDs as the sensor element. In our study, we prepared solid films of QDs by depositing various QDs by casting the QDs from the organic or aqueous dispersion solution onto a glass substrate, followed by eliminating the solvent by evaporation. The QDs tested were core-shell type CdSe/CdZnS QDs, CdSe/ZnS QDs, CdSeTe/ZnS QDs and core type CdTe QDs with various PL colors from green to deep red. Figure 3 (A) illustrates the PL spectra of red-emitting CdSe/ CdZnS QD film in pure air and in air containing ozone with a relatively large diameter of ca. 5 nm. This CdSe/CdZnS QD with a PL efficiency (quantum yield) >60% was synthesized in AIST, and the PL peak wavelength of the QD film was 609 nm in pure air. When a small amount of ozone (1 -500 ppm) was added to the air, the PL intensity decreased quickly. Ozone did not change the peak wavelength of PL (609 nm). After the atmosphere was switched from ozone-containing air to pure air, the PL intensity reversibly recovered to the initial value before exposure to ozone. 57 The speed of recovery was slower than the response speed to ozone. This is the first time that such a reversible change in PL intensity of CdSe-based core-shell QDs by the addition and removal of ozone to air has been observed. Before our study, a Russian research group reported an ozonesensitive change in the PL intensity of CdSe-based QDs deposited on a cellulose acetate membrane filter. 88 The atmosphere was periodically changed between vacuum and air containing 1 ppm ozone. In their experimental results, the PL intensity decreased with exposure to ozone. However, even after the removal of ozone from the atmosphere by vacuum evacuation, the recovery ratio of PL intensity was only about 5%. In other words, the ozone-sensitive change in PL intensity was almost irreversible. The reason for the difference between their result (almost irreversible PL quenching by ozone) and our result (reversible PL intensity change by ozone) is still not clear, but possible causative factors are the differences in the QD composition/structure, and the substrate and pressure variation in the gas cell.
As illustrated in Fig. 3(A) , the decreased ratio of the PL intensity of red-emitting CdSe/CdZnS QD film depended on the ozone concentration; for example, a 5% decrease by 1 ppm ozone, a 16% decrease by 10 ppm ozone, and a 60% decrease by 500 ppm ozone. 57 The facts that the ozone-sensitive changes in PL intensity reversibly occurred, and that the PL peak wavelength was not influenced by the change in ozone concentration showed that the QDs were not deteriorating, decomposing or agglomerating upon exposure to ozone up to 500 ppm.
Ozone-sensitive changes in PL intensity were observed in various film samples of CdSe-based core-shell QDs. The decreased ratio of the PL intensity of the red-emitting CdSe/ZnS QD (Invitrogen Q21721MP) with a diameter of ca. 11 nm by 0.5 ppm ozone was 9%, and the PL peak wavelength was constant at 658 nm, which was not influenced by the presence/ absence of ozone in air. The PL intensity changed reversibly and reproducibly with changing ozone concentration. To find the selectivity to ozone, we measured the PL intensity and spectra of the QD film in several kinds of atmospheric gases. No change in the PL intensity or spectra was observed when the atmosphere was changed from pure air to pure oxygen (O2), pure nitrogen (N2), pure argon (Ar), pure carbon dioxide (CO2) or air containing 1% hydrogen (H2), respectively. These results indicate that the CdSe-based QDs have a high selectivity for ozone. 57 In a similar manner, solid film of CdSeTe/ZnS core-shell type QDs (Invitrogen Q21761MP) showed reversible PL responses to ozone in air. In the core of this QD, tellurium (Te) is added to selenium (Se) for shifting the PL emission to deep red. Since the atomic weight of Te is larger than that of Se, the EG of the CdSeTe is smaller than that of the CdSe, reflecting the heavyatom effect. As a result, the PL emission is shifted toward the longer wavelength (692 nm). This CdSeTe/ZnS QD film showed a decrease ratio of 12% in the intensity of the PL response to 0.5 ppm ozone, and the PL intensity recovered reversibly after the atmosphere was switched to pure air. 57 This result shows that even when the core is not pure CdSe, but alloyed CdSeTe, the ozone sensitivity is retained.
When compared with red-emitting QDs, green-emitting QDs have a smaller size and higher ratio of atoms located on the QD surface. Therefore, the green-emitting QDs are expected to show higher ozone sensitivity. Our experiment demonstrated that the green-emitting CdSe/ZnS QD with a diameter of ca. 4 nm (Invitrogen Q21791MP) showed a large decrease in the PL intensity in response to a very low concentration of ozone in the air. As illustrated in Fig. 3(B) , 0.1 ppm ozone decreased the PL intensity by 28%, and 1 ppm ozone decreased the PL intensity by 55%. 57 It has been confirmed by the above results that the smaller CdSe-based core-shell QDs show higher sensitivity to low concentration ozone. However, when these green-emitting QDs were exposed to ozone at concentrations higher than 10 ppm, the PL peak shifted to the longer wavelengths, and even after removal of ozone from the atmosphere, the PL intensity and peak wavelength did not recover to the initial value in pure air. This result shows that in the case of CdSe-based core-shell QDs with various sizes, the relation between the sensitivity to low concentration ozone and durability in the high concentration ozone is a trade-off relation. A high surface energy and a large surface area of small, greenemitting QDs are considered to enhance the reactivity/sensitivity of the QDs to ozone. However, a high surface energy and a large surface area are considered to decrease the stability of the QDs, causing irreversible surface oxidation of QDs by high concentration ozone.
The mechanism of a reversible change in the PL intensity of CdSe-based QDs by ozone is still under investigation, but several possible reasons are considered, as follows. One possible reason is the PL quenching by the reaction between the ozone molecules adsorbed on the inorganic QD surface and the electrons located at the QD surface. The adsorption of ozone enhances the non-radiative deactivation of the electrons in the excited state. A Stern-Volmer plot of the ozone-concentration dependence of the degree of PL quenching showed that in addition to dynamic quenching (due to the reaction of ozone with electrons in the UV light-excited state), static quenching (due to the reaction of ozone with electrons in the ground state) also contribute to the ozone-induced PL quenching of CdSebased core-shell QDs. 57 Another possible reason for the ozoneinduced PL quenching is the activation of surface defects on the inorganic QDs. When QDs are exposed to ozone, ozone molecules are considered to penetrate the thin layer of surfactant and adsorb on the inorganic surface of the QDs. In this situation, the competitive adsorption of ozone molecules and surfactant molecules occurs, and the chemical bond between surfactant and defects on the inorganic QD surface is weakened. As a result, the surface defect on the QDs is activated and PL is quenched. 57 The following experimental results supported our inference that the adsorption of ozone molecules onto the inorganic QD surface is the necessary step for PL quenching. When compared with the film of red-emitting CdSe/ZnS QDs (Invitrogen Q21721MP), the film of red-emitting CdSe/ZnS QD coated with polyethylene glycol (PEG)-based polymer (Invitrogen Q21521MP) showed a much smaller decrease in PL intensity and slower response on exposure to ozone in the air. We consider that this result reflects the fact that the PEG-based polymer layer suppressed the adsorption of ozone molecules onto the inorganic QD surface. 57 In contrast to CdSe-based core-shell type QDs, CdTe core type QDs were not very sensitive to ozone. Even when the size of CdTe QDs is small and the ratio of surface atoms is high, the ozone-induced PL change was small. Although we measured the ozone-induced change in PL intensity of CdTe QDs with various sizes, ranging from small-sized green-emitting QDs to larger sized red-emitting QDs, high ozone sensitivity was not observed. The decreased ratios in the PL intensity were 4 -8% by 10 ppm ozone and 7 -14% by 100 ppm ozone. 57 In the CdTe QDs, the degree of leakage of electrons from the core is intrinsically low, and the electrons are effectively confined in the CdTe core. For this reason, normally, CdTe QDs emit bright PL without any inorganic shell. 61 This means that the electronic state and PL of CdTe QDs are not easily perturbed by the change in the surface state of QDs or the adsorption of molecules onto the QD surface. Another possible reason for the low ozone sensitivity of CdTe QDs is related to the strong adsorption of surfactant molecules that hinders the adsorption of ozone molecules onto the inorganic QD surface. The mercapto (thiol) group-containing surfactants normally used for capping CdTe QDs (mono-and bidentate thiolated compounds) are reported to adsorb very strongly to the CdTe QD surface. 62 On the other hand, the surfactants normally used for capping CdSe-based QDs (trioctylphosphine oxide, trioctylphosphine, alkylamines, alkylcarboxylic acids) 60, 61 are reported to adsorb less strongly to the CdSe-based QD surface. 71 The stronger adsorption of the surfactant onto CdTe QDs is considered to suppress the adsorption of ozone molecules onto the CdTe QD surface which results in low ozone sensitivity.
Summary and Future Prospects
As described above, we have compared the features of the practically-used techniques to detect ozone gas in air, and have demonstrated that the solid films of CdSe-based core-shell QDs deposited on a glass substrate show reversible changes in the PL intensity to ozone in ambient air at room temperature under atmospheric pressure. These results strongly suggest the potential of photoluminescent QDs for use as optical gas sensors. We are planning to unravel the sensing mechanism, and to improve the gas-sensing performance by investigating the nano/micro structure/morphology of the sensor film that brings about a quick adsorption/desorption of large amounts of gases. Investigation and optimization of the operating conditions are also expected to enhance the ozone sensitivity and the response/ recovery rate. 
